Permittivity and permeability are the two most important features for electromagnetic materials. Recently, the trend in electronics towards small size and high integration promotes the demand for multifunctional electromagnetic materials, such as those with both high permeability and permittivity. Since the desired property cannot be obtained in single-phased materials, people turn to composites, including ferrite-ferroelectric ceramic composites and ceramics-metal percolative composites, but the achievements were still not satisfying. In ferrite-ferroelectric ceramic composites, the permeability and permittivity are determined by the values of each phase and the volume ratio[@b1][@b2][@b3][@b4][@b5][@b6]. However, the dilution effect prevents producing high permeability and high permittivity simultaneously, although the ferrite phase has high permeability and the ferroelectric phase has high permeability, which follows the effective medium theory. When there is 10 vol% ferroelectric ceramics, the permeability of the composite will be only 1/5 of that of the pure ferrite; and vice versa. For example, Zheng et al. prepared the composites with semiconductive ferrite grains coated by insulating ferroelectric thin films and a ultra-high permittivity of \~75000 was achieved due to a microstructure similar to boundary layer capacitor, while the permeability of 162 is not high enough[@b5]. Actually, the percolation system is an efficient way to modify the electromagnetic properties nonmonotonically. When the amount of conductive fillers in an insulating matrix approaches a threshold, the composite exhibits a giant permittivity due to the formation of percolative capacitor[@b6]. This has been well proved in various composite materials, such as polymer-metal composites[@b7][@b8][@b9][@b10], polymer-carbon composites[@b11][@b12][@b13][@b14] and ceramic-metal composites[@b6][@b15][@b16][@b17]. However, up to now, the percolation system fails to produce high permeability. In 2005, Shen et al. developed a ferrite-Ni-polymer three-phased composite with electric and magnetic double percolation, and enhanced the permeability by adding Ni in this serial of composites, but the permeability is still low (μ ≈ 30) due to the nonmagnetic polymer matrix[@b18]. Here, we prepared NiZnCu ferrite-Ag cofired ceramics with an ultra-low percolation threshold of 1.21 vol%, which is one order of magnitude lower than the reported values of ceramic based composites. Because the ultra-low Ag amount minimizes the negative effect of nonmagnetic conductive filler on the magnetic properties of ferrite matrix, the composite exhibits a really high permeability of 585 and a high permittivity of 78 near the ultra-low threshold.

In this work, Ag with melting point of 961°C was used as conductive filler in the composites because of the high conductivity and high resistance to oxidation. Two types of NiZnCu ferrites, Ni~0.2~Zn~0.6~Cu~0.2~Fe~2~O~4~ (NCZ1) and Ni~0.35~Zn~0.6~Cu~0.05~Fe~2~O~4~ (NCZ2), were used as soft magnetic matrix; they had different densification temperatures of 935°C and 1050°C, but similar electromagnetic properties. To control the morphology of Ag filler, the samples were prepared by two-step sintering strategy[@b19], where they were heated to a higher temperature T~1~, immediately cooled to a lower temperature T~2~, and then hold for two hours.

Results and discussions
=======================

At the percolation threshold, the conductive fillers connect each other and form a conductive net in the insulating matrix, so that the composite abruptly changes from a dielectric to a conductor. The break of resistivity is clear in the dependence of electric resistivity ([Fig. 1](#f1){ref-type="fig"}), so that the percolation threshold *f~c~* of the samples was characterized and listed in [Table 1](#t1){ref-type="table"}. In the conductivity measurement, no electrode was pasted on both sides of the sample to confirm the formation of fully percolative net. If electrodes were pasted on both sides of the sample, partial percolation net would also induce a conductive character in the measurement and lead to a false value of percolation threshold. The NCZ2-Ag composite has *f~c~* = 9.5 vol%, which is lower than the theoretical value of 16 vol%, but is similar to Shen\'s result[@b18]. On the contrary, the NCZ1-Ag composites have much lower *f~c~*, which originates from the distinctive morphology of Ag in the composites. It originates from the remarkably different Ag morphology. Ag forms a long and thin net homogeneously in the NZC1 ferrite matrix ([Fig. 2 (a), (b)](#f2){ref-type="fig"}); while it is agglomerated to droplets and dispersed among NCZ2 grains ([Fig. 2 (c), (d)](#f2){ref-type="fig"}).

The *f~c~* in a percolation system is not only affected by the volume ratio of conductive fillers but also by the morphology. If there are spherical fillers, the theoretical *f~c~* is \~16 vol%. If the fillers have large aspect ratio, the *f~c~* drops dramatically[@b20]. The *f~c~* for rodlike fillers with radius of *r* and length of *L* can be expressed as: where *B* = 2.7, *V* = *πr*^2^*L* and *V~ex~* = *πrL*^2^ [@b21]. It was reported that the polymer-carbon nanotubes composites had ultra-low low *f~c~* of \~1 vol%[@b11][@b12]. However, such low *f~c~* has never been reported in ceramic based composite, because carbon nanotubes will burn out in the high temperature sintering process. In this work, the long and thin percolative net is formed in NCZ1-Ag composite under a well controlled cofiring process, and endows it with an ultra-low *f~c~*.

The *f~c~* is determined by the Ag morphology in composites, which is controlled by the temperature matching between ferrite densification and Ag melting. NZC1 ferrite has largely densified when Ag melts, i.e. grains grow obviously and stack compactly. In a dense microstructure, liquid Ag extends along the narrow grain gaps because of the extruding of large ferrite grains, so that a thin and long percolative net forms easily, as illustrated in [Fig. 3](#f3){ref-type="fig"}. On the contrary, NZC2 ferrite does not begin densifying as Ag melts, whose measured relative density is only 62% at 960°C. In a loose matrix full of pores and gaps, liquid Ag is agglomerated to droplets to minimize the surface energy due to the poor wettability with ferrite (inset in [Fig. 2 (c)](#f2){ref-type="fig"}). Finally, spherical Ag fillers are dispersed among ferrite grains ([Fig. 3](#f3){ref-type="fig"}), which works against forming percolative net.

The sintering process also affects the percolative character by microstructure modification. As shown in [Table 1](#t1){ref-type="table"}, faster heating rate improves the growth of large grains and helps limiting the Ag particle distribution, so the *f~c~* is lower. If T~1~ ≥ 1150°C or T~2~ ≥ 1035°C, Ag agglomeration occurs to prevent forming percolative net. To achieve ultra-low *f~c~*, T~1~ = 1100°C and T~2~ = 935°C are selected for further investigation.

The permittivity of the NCZ1-Ag composites with 0\~1.25 vol% Ag is shown in [Fig. 4](#f4){ref-type="fig"}. The permittivity increases rapidly above *f*~Ag~\>1.1 vol% and reaches a maximum of 78 at *f*~Ag~ = 1.2 vol%, which is much higher than that of pure ferrite (\~19). The variation of permittivity can be characterized by the power law as follow, where *ε~m~*is the permittivity of ferrite matrix, *s* is the critical exponent[@b22][@b23]. Then a precise percolation threshold of *f~c~* = 1.21% and *s* = 0.11 are obtained based on the fitting of experimental data. Such low threshold is similar to some carbon nanotube-polymer composites[@b11], but is much lower than the reported values in ceramic based composites[@b6][@b15][@b16][@b17].

The frequency dependence of permittivity and loss tangent is shown in [Fig. 5](#f5){ref-type="fig"}. The permittivity decreases with increasing frequency, following the percolation theory that as *f~Ag~→f~c~*, where *w* = 2π*v*, *v* is the frequency, and *u* is a constant. In addition, at the percolation threshold, the dielectric loss is still small. The Maxwell-Wangner effect also contributes for the permittivity in low frequency range.

[Fig. 6](#f6){ref-type="fig"} shows the permeability of the NZC1-Ag and NZC2-Ag composites. The permeability decreases with increasing Ag amount. Introducing nonmagnetic Ag in the soft magnetic ferrite matrix will interrupt the magnetic lines of force and produces the demagnetizing field, which can be regarded as an increase of equivalent magnetocrystalline anisotropy. The effects of magnetocrystalline anisotropy *K~1~* and saturation magnetization *M~s~* on the permeability follow[@b24], Since the induced field around metal inclusions weakens rapidly with distance, the thin percolation net can minimize the negative effect on magnetic property. The NCZ1-Ag composite has a high permeability of 585 near the *f~c~*, about 55% of pure ferrite\'s permeability. By contrast, for NCZ2-Ag composite, the permeability drops \~80%, from 735 to 130. It indicates that the ultra-low *f~c~* is efficient to maintain a high permeability in a ferrite-metal composite. That is helpful to produce composites with both high permeability and permittivity.

In summary, the NiZnCu ferrite-Ag cofired ceramics were successfully prepared and its percolation threshold was decreased to an ultra-low value of 1.21 vol%, one order of magnitude lower than the theoretical value, and is much lower than previous reports in ceramic based composites. The *f~c~* is determined by the Ag morphology in composites, which is controlled by the temperature matching between ferrite densification and Ag melting. If Ag melts in a dense matrix, it tends to form a long and thin conductive net, so that the *f~c~* drops to a very low value. The composite exhibits a really high permeability of 585 and a high permittivity of 78 near the *f~c~*. This work provides a way to produce materials with both high permeability and permittivity to promote the development of multifunctional and miniaturizated electronic products. In addition, it founds a simple and effective method to control the percolation threshold in a large range for ceramic based composites, which is helpful to enhance their performance and widen the application.

Methods
=======

Preparation of cofired ceramic composite
----------------------------------------

The Ni~0.4-x~Zn~0.6~Cu~x~Fe~2~O~4~ (where x = 0.05 and 0.2) powders were prepared by the solid reaction method. The analytical grade raw materials of Fe~2~O~3~, NiO, ZnO and CuO were weighted according to the molecular formula and mixed in ball mill for 4 h using a planet mill. After calcined at 760°C for 4 h, the obtained ferrite powders were mixed with spherical silver powder (1 μm, 99.9%) in ball mill. Then, the mixture was granulated using 5% polyvinyl alcohol solution as binder-lubricant. After dry-press, the pellet and toroidal samples were sintered in a two-step sintering strategy.

Characterization of the samples
-------------------------------

The bulk density of the sintered samples was measured using Archimedes\' method. The wettability was measured by the high temperature wetting angle measurement instrument (OCA 20LHT-SV). The microstructure of the samples was observed by scanning electron microscope (SEM, JSM-6510A). The permeability, permittvity and conductivity were measured by Agilent 4294A impedance analyzers.
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![The frequency dependence of electric resistivity of (a) NCZ1-Ag and (b) NCZ2-Ag composites, as well (c) their composition dependence.](srep07580-f1){#f1}

![The backscattered electron (a & c) images and energy-dispersive x-ray spectroscopy (b & d) of NZC1-Ag (a & b) and NZC2-Ag composites (c & d) both with 2 vol% Ag.\
In the backscattered electron images, the white part is silver and the grey part is ferrite. The inset in (c) shows the wetting angle of Ag on ferrite at 970°C.](srep07580-f2){#f2}

![Schematic of Ag melting process in dense or loose matrix.](srep07580-f3){#f3}

![Variation of the permittivity of NZC1-Ag composites with Ag volume ration.](srep07580-f4){#f4}

![Frequency dependence of (a) permittivity and (b) loss for NCZ1-Ag composites.](srep07580-f5){#f5}

![Frequency dependence of permeability for NCZ1-Ag and NCZ2-Ag composites.](srep07580-f6){#f6}

###### The percolation thresholds of the composites

              T~1~(°C)   T~2~(°C)   heating rate (°C/min)   *f~c~*
  --- ------ ---------- ---------- ----------------------- --------
  1    NCZ1     1050       935               10              3.5%
  2    NCZ1     1100       935               10              1.3%
  3    NCZ1     1150       935               10               2%
  4    NCZ1     1100       935                1              2.5%
  5    NCZ1     1100       935                5               2%
  6    NCZ1     1150       1035              10               2%
  7    NCZ1     1150       1135              10               2%
  8    NCZ2     1200       1050              10              9.5%
